Viruses, in particular DNA viruses, generate microRNAs (miRNAs) to control the expression of host and viral genes. Due to their essential roles in virus-host interactions, viral miRNAs have attracted extensive investigations in recent years. To date, however, most studies on viral miRNAs have been conducted in cell lines. In this study, the viral miRNAs from white spot syndrome virus (WSSV) were characterized in shrimp in vivo. On the basis of our previous study and small RNA sequencing in this study, a total of 89 putative WSSV miRNAs were identified. As revealed by miRNA microarray analysis and Northern blotting, the expression of viral miRNAs was tissue specific in vivo. The results indicated that the viral miRNA WSSV-miR-N24 could target the shrimp caspase 8 gene, and this miRNA further repressed the apoptosis of shrimp hemocytes in vivo. As a result, the number of WSSV copies in shrimp in vivo was significantly increased compared with the control level (WSSV only). Therefore, our study presents the first report on the in vivo molecular events of viral miRNA in antiviral apoptosis.
M
icroRNAs (miRNAs) represent a class of small RNA regulators that are encoded by a diverse range of eukaryotic organisms (1, 2) and have important roles in many biological processes, including development, cell differentiation, apoptosis, oncogenesis, and immune defense (3) (4) (5) . In recent years, since the first discovery of Epstein-Barr virus (EBV)-encoded miRNAs, a growing number of viral miRNAs have been demonstrated (6) . To date, a total of 406 miRNAs have been discovered in various viruses (miRNA Registry, release 18.0; November 2011), such as EBV, bovine herpesvirus 1, herpesvirus of turkeys, human cytomegalovirus, and simian virus 40 (SV40). As reported, the majority of identified viral miRNAs are limited to mammalian DNA viruses, mainly from the herpesvirus family, suggesting that Drosha and DGCR8 proteins, which localize to the nucleus, are required for the initial pre-miRNA excision event. It seems that RNA viruses, which replicate exclusively in the cytoplasm, would not have ready access to this machinery. However, several recent reports showed that two RNA viruses, HIV-1 and West Nile virus (WNV), could also encode viral miRNAs (7, 8) . Nevertheless, the relevance of these reports remains controversial. To date, very little information is available about the miRNAs of invertebrate viruses.
Many studies have revealed that viral miRNAs can target viral mRNAs and trigger the degradation of viral mRNAs to fine-tune patterns of viral gene expression. For example, two viral miRNAs (miR-S1-5p and miR-S1-3p) from the same miRNA precursor in the genome of the polyomavirus SV40 have been shown to be antisense relative to the viral T-antigen transcripts and to direct the cleavage of these early transcripts in virus infection (9) . The downregulation of T antigen by these viral miRNAs is significant for virus replication, reducing cellular visibility of SV40-specific cytotoxic T lymphocytes (CTLs) (9) . It has been reported that the viral miRNA miR-UL112-1, from human cytomegalovirus, plays an important role in establishing the latent viral infection state via inhibiting the expression of the viral gene IE1 (10, 11) . Taken together, the data indicate that viruses have evolved to take advantage of the miRNA pathway to modulate expression of their own genes for successful infection.
In addition to "autoregulation" of viral targets, several virusencoded miRNAs have been shown to target cellular or host genes. However, their functions are poorly understood. The well-characterized cellular gene targeted by Kaposi's sarcoma-associated herpesvirus (KSHV) miRNAs is the thrombospondin 1 gene (THBS1), which has functions in inhibiting angiogenesis and cell growth by activating transforming growth factor beta (TGF-␤) (12) . The inhibition of THBS1 expression by KSHV miRNAs promotes KSHV-infected cell survival and proliferation (12) . The human cytomegalovirus miRNA miR-UL112-1 can target viral genes (10, 11) and host genes (13) . Through binding with the 3=-untranslated region (3= UTR) of the mRNA of major histocompatibility complex class 1-related chain B (MICB), viral miR-UL112-1 downregulates the expression of MICB and further reduces the susceptibility of virus-infected cells to killing by natural killer cells (13) . EBV can encode miR-BHRF1-3 to inhibit the expression of CXC-chemokine ligand 11 (CXCL11), which is an interferon (IFN)-inducible T-cell chemoattractant and plays a major role in host defenses against EBV (14) . Suppressing CXCL11 may aid infected cells in avoiding T-cell recognition (14) . In recent years, viral miRNAs have attracted intensive study. So far, however, many viral miRNAs have been characterized in cell lines. As is well known, the roles of viral miRNAs in cell lines may be very different from those in hosts in vivo.
In this study, the viral miRNAs of white spot syndrome virus (WSSV) were characterized in shrimp in vivo. On the basis of our previous study (15) and high-throughput sequencing of small RNAs in this study, a total of 89 putative WSSV miRNAs were identified. It was found that the expression profiles of WSSV miRNAs were tissue specific. The results revealed that WSSVmiR-N24 was a key suppressor of host antiviral apoptosis, through downregulating the expression of shrimp caspase 8. Our findings highlight the key roles of viral miRNAs in the interactions between virus and host in vivo.
MATERIALS AND METHODS
Shrimp culture and WSSV infection. Marsupenaeus japonicus shrimp of approximately 15 g each were reared in groups of 20 individuals in tanks filled with air-pumped circulating seawater at 25°C. The shrimp were kept temporarily for 2 to 3 days and acclimatized prior to the experiments. To ensure that the shrimp were WSSV-free before the experiments, three shrimp were randomly selected for WSSV detection by use of WSSVspecific primers (5=-TTGGTTTCATGCCCGAGATT-3= and 5=-CCTTG GTCAGCCCCTTGA-3=). The virus-free shrimp were challenged with WSSV as described previously (16) . Briefly, the tissues of WSSV-infected shrimp were homogenized in TN buffer (20 mM Tris-HCl, 400 mM NaCl, pH 7.4) at 0.1 g/ml. After centrifugation at 2,000 ϫ g for 15 min, the supernatant was diluted with 0.85% NaCl to 1:100 and filtered using a 0.45-m filter. Subsequently, the virus-free shrimp were infected with 0.1 ml of filtrate (10 5 virus copies/ml) by intramuscular injection. At various times postinfection (0, 6, 24, 48, and 72 h), the lymphoid organs, gills, and hemocytes of shrimp were collected for later use. Shrimp assays were performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Zhejiang Province. The protocol was approved by the Committee on the Ethics of Animal Experiments of the University of Zhejiang Univesity, China.
Sequencing and sequence analysis of small RNAs. Total RNAs were isolated from the lymphoid organs of WSSV-free and WSSV-infected shrimp at various time points (0, 6, 24, and 48 h) by use of a mirVana miRNA isolation kit (Ambion, Austin, TX) according to the manufacturer's instructions. The quality and integrity of total RNAs were evaluated by electrophoresis on 1.2% agarose gels. About 200 g of total RNA was separated in a 15% polyacrylamide-8 M urea gel, and small RNAs of 16 to 30 nucleotides (nt) were recovered. Single libraries were sequenced on a GA-I genome analyzer (Illumina, San Diego, CA) according to the manufacturer's protocols. The small RNA sequencing reads were subjected to a search for putative WSSV-encoded miRNA sequences by using the ACGT V3.1 program, developed by LC Sciences (Houston, TX). After the removal of adaptor sequences and noncoding RNA sequences matching mRNA, rRNA, tRNA, snRNA, snoRNA, repeat, and other noncoding RNA sequences available in Rfam (http://www.sanger.ac.uk/software /Rfam), all the remaining high-quality sequences were searched against the WSSV genome (GenBank accession no. AF332093.1). The small RNA sequences (total counts of Ն5) of putative WSSV miRNAs were analyzed by a BLASTN search against the WSSV genome, allowing one or two mismatches between each pair of sequences. To analyze the potential precursor structures of 49 WSSV miRNA candidates, each sequence, including a fragment of 60 to 70 bases flanking the sequence, was subjected to miRNA secondary structure prediction using mFold online software (http://frontend.bioinfo.rpi.edu/applications/mfold/) with default parameters.
Northern blotting. Total RNAs were isolated using a mirVanaP miRNA isolation kit according to the manufacturer's instructions (Ambion). Subsequently, the RNAs were treated with RNase-free DNase I (TaKaRa, Japan) at 37°C for 30 min. The concentration of the extracted RNAs was quantified using a NanoDrop ND-100 spectrophotometer (NanoDrop Technologies). The total RNAs were electrophoresed in a denaturing 15% polyacrylamide gel containing 8 M urea and transferred to a Hybond-Nϩ membrane (Amersham Biosciences, Buckinghamshire, United Kingdom). After cross-linking with UV, the membrane was prehybridized in DIG Easy Hyb granule buffer (Roche, Basel, Switzerland) for 0.5 h and then hybridized with a digoxigenin (DIG)-labeled DNA probe complementary to a specific miRNA sequence for 20 h at 45°C. Signal detection was performed following the instructions in the manual for a DIG High Prime DNA labeling and detection starter kit II (Roche). RNA oligonucleotides of 20 nt, 30 nt, 100 nt, and 200 nt were synthesized and labeled with DIG at the 5= end to serve as markers of small RNA.
Detection of primary miRNAs. Total RNAs were extracted from various shrimp tissues or organs by using a mirVanaP RNA isolation kit according to the manufacturer's instructions (Ambion). The RNA extracts were treated with RNase-free DNase I (TaKaRa, Japan) at 37°C for 30 min. The first-strand cDNA synthesis was conducted using 1 g of total RNA following the manufacturer's guidelines for a PrimeScript 1st strand cDNA synthesis kit (TaKaRa). The primary miRNAs were amplified by PCR with sequence-specific primers (5=-GTTCTGCTTCTTCTTCTCAT TG-3= and 5=-AGTCTTCTTGACATTTTGAGTA-3= for pri-WSSV-miR-N24, 5=-TGGCCCGGCAAATTGGCCTAGA-3= and 5=-AGCAAACCTT AAAGACTCAAAC-3= for pri-WSSV-miR-N30, 5=-TATCTTCTTCATT TTCAAATAC-3= and 5=-CACTGACGACCATACGAGATGG-3= for pri-WSSV-miR-82, 5=-GACAATCTTGAAGTTGTTTTCT-3= and 5=-ATTGT CTTGAAGCTCATAAG-3= for pri-WSSV-miR-129, and 5=-GTTGTTGT TGTTTGAGGTAGTTG-3= and 5=-AAACGAAAGAGATCTTCTGTTAA AAG-3= for pri-WSSV-miR-162). The PCR protocol used was 94°C for 5 min followed by 40 cycles of 94°C for 40 s, 46°C for 45 s, and 72°C for 45 s, with a final elongation at 72°C for 10 min.
Prediction of genes targeted by miRNAs. To predict the genes targeted by WSSV miRNAs, TargetScan 5.1 and miRanda algorithms were used to predict the target sites of miRNAs in the 3= UTRs of shrimp, as described before (17) . miRNA microarray. A WSSV miRNA microarray was prepared by LC Sciences (Houston, TX), using viral miRNAs revealed in our previous study (15) and this study. Total RNAs were extracted from shrimp by use of a mirVanaP miRNA isolation kit (Ambion) following the manufacturer's protocol and were subsequently labeled with Cy3. A group of control probes was included on each chip to evaluate microarray quality. Hybridization signals were detected using an Axon GenePix 4000B microarray scanner (Molecular Devices). Data were processed by subtracting the background and normalizing the signals by using a LOWESS filter. The ratios of the control and sample detected signals (log transformed) were generally defined as true when the P value of the t test was Ͻ0.01. The differentially expressed miRNAs were selected for cluster analysis.
Plasmid construction. To examine whether the viral miRNA WSSVmiR-N24 could target the caspase 8 gene of M. japonicus shrimp, the 3= UTRs of the shrimp caspase 8 gene and the enhanced green fluorescent protein (EGFP) gene were cloned into the pIZ/V5-His vector (Invitrogen). The EGFP gene was amplified and cloned into the pIZ vector to generate a control EGFP construct as described previously (18) . The caspase 8 3= UTR was cloned into the pIZ/V5-His vector downstream of EGFP by using primers 5=-ACTCTAGACACAATCAGTGTGTTTGAAT CTTTAC-3= and 5=-AACCCGCGGGAAAAGCTTTCTTTATTTAAGTG TATAATC-3= to generate the EGFP-caspase 8 construct. As a control, the sequence of the caspase 8 3= UTR complementary to the WSSV-miR-N24 seed sequence was mutated to yield the EGFP-⌬caspase 8 construct by using a QuikChange site-directed mutagenesis kit according to the manufacturer's instructions (Stratagene). All recombinant plasmids were confirmed by sequencing.
Cell culture, transfection, and fluorescence assays. Insect High Five cells (Invitrogen) were cultured at 27°C in Express Five SFM medium (Invitrogen) supplemented with L-glutamine (Invitrogen) as described previously (18) . Briefly, 2 g of EGFP, EGFP-caspase 8, or EGFP⌬caspase 8 construct was transfected into High Five cells when the cells were about 70% confluent. At the same time, the cells were transfected with 100 pmol of either a synthesized WSSV-miR-N24 mimic (antisense strand, 5=-GUAUGAGUAGUGAUGAAGAAUCA-3=; and sense strand, 5=-UGAUUCUUCAUCAAUACUCAUAC-3=) or a synthesized control miRNA mimic (antisense strand, 5=-UGAGAUAGUAGAUAGAGAUCA UG-3=; and sense strand, 5=-CAUGAUCUCUAUCUACUAUCUCA-3=).
All the miRNA mimics were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China).
To inhibit the activity of WSSV-miR-N24, the plasmid (EGFP, EGFPcaspase 8, or EGFP-⌬caspase 8)-transfected cells were simultaneously transfected with the synthesized WSSV-miR-N24 mimic (100 pmol) and a locked nucleic acid (LNA)-modified anti-WSSV-miR-N24 oligonucleotide (AMO-WSSV-miR-N24) (100 pmol) or with WSSV-miR-N24 (100 pmol) and an LNA-modified anti-control miRNA oligonucleotide (AMO-control) (100 pmol). The AMO constructs were obtained from Exiqon A/S (Vedbaek, Denmark). For AMO-WSSV-miR-N24 (5=-TGAT TCTTCATCACTACTCATAC-3=), the sequence was modified at the 3rd, 6th, and 10th nucleotides with LNA, at the 13th and 16th nucleotides with 2=-O-methoxyethyl (MOE), and at the remaining nucleotides with phosphorothioate. For AMO-control (5=-AGTGAATGATGAGTATGTTGTT G-3=), the sequence was also modified as described above. All transfections were conducted in triplicate with Cellfectin transfection reagent (Invitrogen) according to the manufacturer's protocol. Twelve hours after transfection, the transfected cells were seeded in 96-well plates at a concentration of 2.0 ϫ 10 4 cells per well. One day later, the EGFP fluorescence of the cells was recorded with a Flex Station II microplate reader (Molecular Devices) at 490/510 nm (excitation/emission). The fluorescence values were corrected by subtracting the autofluorescence of cells not expressing EGFP. The experiments were biologically repeated three times.
Quantitative real-time PCR.
To analyze the expression of the shrimp caspase 8 gene, quantitative real-time PCR was conducted as described previously (16) . Shrimp ␤-actin was used as a control. The forward and reverse primers for amplification of the caspase 8 gene were 5=-TTCCGG AAAACCCTCAAAC-3= and 5=-GGTTTGTGTGCTTTCGGAA-3=, respectively. The sequence of the TaqMan probe was 5=-6-carboxyfluoresc ein (FAM)-CGGCGTGTGTTTGAATCTTTACTTCGCCG-6-carboxytet ramethylrhodamine (TAMRA)-3=. The primers for ␤-actin were 5=-CGA GCACGGCATCGTTACTA-3= and 5=-TTGTAGAAAGTGTGATGCCA GATCT-3=, and the sequence of the TaqMan probe was 5=-FAM-CTGG GACGACATGGA-TAMRA-3=. The reactions were performed in a total volume of 25 l consisting of 12.5 l of Ex Taq premix (TaKaRa, Japan), 100 ng of cDNA template, 0.5 l of 10 M (each) primers, and 0.5 l of 10 M TaqMan fluorogenic probe. PCR was carried out at 95°C for 1 min followed by 40 cycles of 95°C for 15 s, 52°C for 45 s, and 72°C for 45 s.
To quantify WSSV virions in shrimp, the WSSV genome was extracted from virus-infected shrimp hemocytes by use of an SQ Tissue DNA kit (Omega Bio-Tek) according to the manufacturer's protocols and subsequently subjected to real-time PCR. The primers (forward, 5=-CCACCA ATTCTACTCATGTACCAAA-3=; and reverse, 5=-TCCTTGCAATGGGC AAAATC-3=) were used to amplify a region from positions 260075 to 260138 of the WSSV genome (GenBank accession number AF332093.1), as described previously (15) . The sequence of the TaqMan probe was 5=-FAM-CTGGGTTACGAGTCTAA-TAMRA-3=. A linearized plasmid containing a 1,400-bp DNA fragment from the WSSV genome was quantified and serially diluted 10-fold as an internal standard for real-time PCR (16) . The real-time PCR mixture (25 l) contained 12.5 l Ex Taq premix (TaKaRa, Japan), 1 l of the extracted DNA template or the internal standard plasmid, 0.5 l of 10 M (each) primers, and 0.5 l of 10 M TaqMan fluorogenic probe. The real-time PCR conditions were 95°C for 1 min followed by 45 cycles of 30 s at 95°C, 30 s at 52°C, and 30 s at 72°C.
Western blotting. Proteins were analyzed in a 12% SDS-PAGE gel and transferred onto a nitrocellulose membrane (Bio-Rad). The membrane was immersed in blocking buffer (3% bovine serum albumin [BSA] in phosphate-buffered saline [PBS], pH 7.2) at 4°C overnight, followed by incubation with a specific antibody (anti-caspase 8 IgG or anti-␤-actin IgG). The antibody against the caspase 8 protein of M. japonicus shrimp was prepared in our previous study (19) . The membrane was then incubated with alkaline phosphatase (AP)-conjugated goat anti-mouse IgG (Sigma) for 1 h and detected with Nitro Blue Tetrazolium (NBT) and 5-bromo-4-chloro-3-indolylphosphate (BCIP) solutions (BBI, Canada).
Annexin V assay of apoptosis. Apoptosis assay of shrimp hemocytes by use of annexin V (Invitrogen) was performed according to the manufacturer's protocol. Briefly, shrimp hemocytes were collected with an equal volume of heparin sodium (40 mg/ml). After being washed twice in cold PBS, the cells were resuspended in 1ϫ annexin binding buffer at ϳ1 ϫ 10 6 cells/ml, followed by the addition of 5 l of Alexa Fluor 488-annexin V and 1 l of 100 g/ml propidium iodide (PI). The cells were incubated for 15 min in the dark, and then 400 l of 1ϫ annexin binding buffer was added to the sample. The sample was analyzed by flow cytometry (BD Bioscience, San Jose, CA) at 530 nm and 575 nm, using a 488-nm excitation wavelength.
TUNEL assay. Apoptosis was detected by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay according to the manufacturer's instructions (Promega). Briefly, shrimp hemocytes were collected and mounted onto a poly-L-lysine-coated glass slide (Sigma), followed by incubation for 10 min at 4°C. The hemocytes were fixed with 4% paraformaldehyde for 25 min at 4°C. Subsequently, the hemocytes were washed twice with cold PBS and permeabilized with 0.2% Triton X-100 for 5 min. After being washed with PBS twice, the hemocytes were equilibrated with 100 l of equilibration buffer at room temperature for 10 min. The hemocytes were incubated with rTdT mix containing green fluorescein-12-dUTP for 60 min at 37°C in a humidified chamber and then counterstained with PI. The reactions were stopped by immersing the slide in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 15 min. The slide was washed three times and mounted with antifade solution (Invitrogen). The number of TUNELpositive hemocytes was determined.
Detection of caspase 3/7 activity. The caspase activity of shrimp hemocytes was detected using a Caspase-Glo 3/7 assay (Promega) according to the manufacturer's instructions. Briefly, 100 l of Caspase-Glo 3/7 reagent was mixed with shrimp hemocytes and incubated at room temperature for 2 h. Subsequently, the mixture was subjected to measurement using a Synergy 2 Multi-Mode microplate reader (BioTek).
Synthesis of siRNAs. Small interfering RNAs (siRNAs) for RNA interference (RNAi) assays of shrimp were synthesized using an in vitro T7 transcription kit for siRNA synthesis (TaKaRa, Japan) according to the manufacturer's instructions, as described previously (18) . The sequencespecific caspase 8-siRNA (5=-CUGUAGCACUUCAUAACUU-3=) was synthesized to silence the expression of the shrimp caspase 8 gene. As a control, one nucleotide of the caspase 8-siRNA sequence was mutated at random, yielding the corresponding control siRNA (5=-CUGUACCACU UCAUAACUU-3=). The synthesized siRNAs were dissolved in siRNA solution (50 mM Tris-HCl, 100 mM NaCl, pH 7.5) and quantified by spectrophotometry.
RNAi assays of shrimp in vivo. Shrimp were simultaneously injected with WSSV virions (10 4 genome copies/shrimp) and 30 g of a synthesized siRNA (caspase 8-siRNA or control siRNA), with WSSV virions (10 4 genome copies/shrimp) and 30 g of a miRNA mimic (WSSV-miR-N24 mimic or control miRNA mimic), or with WSSV virions (10 4 genome copies/shrimp) and 15 g of an LNA-modified anti-miRNA oligonucleotide (AMO-WSSV-miR-N24 or AMO-control). At the same time, WSSV only (10 4 genome copies/shrimp), WSSV-miR-N24 mimic only, AMO-WSSV-miR-N24 only, and PBS only were included in injections as controls. For each treatment, 20 individuals were used. At different time points after injection (0, 24, 48, and 72 h), the hemocytes of four randomly selected shrimp from each treatment were collected and subjected to realtime PCR to quantify the number of WSSV genome copies. Forty-eight hours after infection with WSSV, the collected hemocytes were also subjected to real-time PCR or Western blotting to quantify caspase 8 gene expression, to Northern blot analysis to examine WSSV-miR-N24 expression, and to apoptosis assays with annexin V, TUNEL, and caspase 3/7 activity detection to evaluate the apoptotic activity of shrimp. The abovedescribed assays were biologically repeated three times.
Statistical analysis. The numerical data were analyzed by one-way analysis of variance to calculate the means and standard deviations for triplicate assays. Statistically significant differences between treatments were determined using Student's t test, with significance defined as having a P value of Ͻ0.05 or Ͻ0.01.
Microarray data accession number. The microarray data are available at Gene Expression Omnibus (GEO) under accession number GSE53900.
RESULTS
Identification of viral miRNAs in WSSV-infected shrimp in vivo. Our previous study showed that WSSV possessed the capacity to encode 40 distinct viral miRNAs, suggesting that WSSV miRNAs might play important roles in virus infection (15) . To characterize the WSSV miRNAs in shrimp in vivo, the miRNAs of lymphoid organs from WSSV-infected shrimp collected at different times (0, 6, 24, and 48 h) postinfection were subjected to highthroughput small RNA sequencing. The sequencing generated 1.2 to 3.8 million reads for each treatment. In total, the high-throughput sequencing identified 81 distinct miRNAs that mapped to stem-loop structures found within the WSSV genome. According to the criteria for miRNA generation (20) , among them, 49 putative WSSV miRNAs were not identified previously (Table 1 ; see Fig. S1 in the supplemental material). It was found that the 49 novel miRNAs could map to the 5= or 3= arm of the predicted pre-miRNA hairpins, bearing signature 2-nt 3= overhangs, and were abundant in read counts (Table 1 ; see Fig. S1 ). The results indicated that these putative miRNAs were generated from RNAi machinery processing. Taking the findings of our previous and present studies together, a total of 89 putative WSSV miRNAs were revealed. The 89 putative WSSV miRNAs were distributed across the viral genome, on both the positive and negative strands.
Based on homology analysis of the 49 putative WSSV miRNAs, the results indicated that WSSV-miR-N10, -N43, -N48, and -N49 shared identical miRNA seed regions with miRNAs of mouse gammaherpesvirus, herpes simplex virus 2, mouse cytomegalovirus, and herpesvirus of turkey, respectively (Fig. 1A) , suggesting that these viral miRNAs might regulate conserved cellular transcripts. The homology analysis showed that WSSV-miR-N3, -N18, -N47, and -N48 had the same seed regions as those of shrimp miRNAs (Fig. 1B) , indicating that the viral miRNAs might have evolved to imitate host miRNAs and hijack existing gene regulatory networks.
The time course expression profiles of the 49 putative WSSV miRNAs showed that 20 viral miRNAs were expressed at 6 h postinfection, while no viral miRNA was detected in virus-free shrimp (Fig. 1C) , indicating that the 20 putative miRNAs may be early viral miRNAs. The results revealed that the expression levels of WSSV-miR-N16 and WSSV-miR-N24 were the highest at 24 and 48 h postinfection (Fig. 1C) , suggesting that these two miRNAs might play important roles during WSSV infection. To confirm the expression of the 49 putative WSSV miRNAs revealed in this study, 19 of them were selected at random for Northern blotting. The results showed that the expression profiles of viral miRNAs were similar to those obtained by small RNA sequencing (Fig. 1D) .
Tissue-specific expression of viral miRNAs in shrimp in vivo. To evaluate the tissue-specific expression of viral miRNAs, the 89 putative WSSV miRNAs, including the 49 novel miRNAs revealed in this study and the other 40 miRNAs identified in the previous study (15) , were used to prepare a virus-encoded miRNA microarray. The quantitative detection of WSSV virions by real-time PCR revealed that WSSV could infect lymphoid organs, hemocytes, and gills of shrimp (data not shown). The miRNA microarray results showed that the expression of viral miRNAs was tissue specific ( Fig. 2A to C) . Of the 89 WSSV miRNAs, 9 miRNAs were detected in the lymphoid organs of shrimp ( Fig. 2A) . WSSV-miR-144 and WSSV-miR-N30 were uniquely detected in the lymphoid organs ( Fig. 2A) . In the hemocytes of shrimp, 15 viral miRNAs were expressed (Fig. 2B) . The results revealed that 8 viral miRNAs (WSSV-miR-N1, -N12, -N21, -N26, -76, -129, -159, and -162) were specifically present in shrimp hemocytes (Fig. 2B) . As shown in Fig. 2C , 18 viral miRNAs were found to be present in WSSVinfected gills. Among them, 11 WSSV miRNAs were detected only in shrimp gills (Fig. 2C) . These findings revealed that the expression of viral miRNAs in vivo is tissue specific.
To confirm the microarray data, Northern blot analysis and the detection of primary miRNAs were performed. The results indicated that WSSV could be detected in shrimp lymphoid organs, hemocytes, and gills (Fig. 2D) . Northern blots demonstrated that the expression of WSSV-miR-N30, WSSV-miR-82, WSSV-miR-129, and WSSV-miR-162 was tissue specific, whereas WSSV-miR-N24 was detected in all shrimp organs and tissues examined (Fig.  2D) . At the same time, it was revealed that the primary miRNAs shared the same expression profiles as their corresponding viral miRNAs (Fig. 2D) . These results were consistent with the data from the miRNA microarray analysis. Taken together, these findings reveal that the expression of viral miRNAs in vivo is tissue specific.
Interaction between viral miRNA and host gene. Increasing evidence has indicated that viral miRNAs have important roles in host-virus interactions. As revealed above, among the WSSV miRNAs, WSSV-miR-N24 was upregulated in the shrimp tissues examined, suggesting that WSSV-miR-N24 might have great effects on WSSV infection. In this context, WSSV-miR-N24 was characterized further.
The predictions by miRanda and TargetScan showed that the host caspase 8 gene, a gene required for shrimp apoptosis (19) , was a target gene of WSSV-miR-N24 (Fig. 3A) , indicating that WSSV-miR-N24 may be involve in the regulation of apoptosis in shrimp.
To evaluate the interaction between WSSV-miR-N24 and the host caspase 8 gene, we constructed the EGFP-caspase 8 plasmid, containing EGFP and the caspase 8 3= UTR of M. japonicus shrimp (Fig. 3B) . The synthesized WSSV-miR-N24 mimic and the EGFP-caspase 8 plasmid were cotransfected into insect High Five cells. The results showed that the fluorescence intensity in the cotransfected cells was significantly reduced compared with the intensity in the EGFPcaspase 8-transfected cells (Fig. 3C and D) , indicating that the synthesized WSSV-miR-N24 mimic repressed the expression of the caspase 8 gene through targeting of its 3= UTR. However, the control miRNA mimic had a negligible effect on the expression of EGFP-caspase 8. When the activity of the synthesized WSSV-miR-N24 mimic was inhibited by LNA-modified AMO-WSSV-miR-N24, the fluorescence intensity in the synthesized WSSV-miR-N24 mimic-, AMO-WSSV-miR-N24-, and EGFP-caspase 8-cotransfected cells was recovered ( Fig. 3C and D) .
To investigate the specificity of WSSV-miR-N24-mediated inhibition of caspase 8, the sequence of the caspase 8 3= UTR complementary to the seed region of WSSV-miR-N24 was mutated, resulting in the pIZ/EGFP-⌬caspase 8 construct (Fig. 3B) . It was revealed that mutation of predicted WSSV-miR-N24 recognition sites within the 3= UTR of the caspase 8 gene completely disrupted inhibition by the WSSV-miR-N24 mimic (Fig. 3C and D) , sug-gesting that the WSSV-miR-N24 seed sequence was essential for targeting of the caspase 8 3= UTR.
Taken together, the findings indicated that WSSV-miR-N24 could target the host caspase 8 3= UTR and might play important roles in apoptosis.
In vivo apoptotic regulation of host hemocytes mediated by viral miRNA. In an attempt to reveal the in vivo apoptotic regulation by viral miRNA, the apoptosis of shrimp hemocytes was assayed. To characterize the in vivo interaction between WSSVmiR-N24 and host caspase 8 mRNA, the synthesized WSSV-miR- N24 mimic was injected into shrimp. The results indicated that the WSSV-miR-N24 mimic had no effect on apoptosis of shrimp hemocytes (Fig. 4A) , suggesting that WSSV-miR-N24 was not cytotoxic for shrimp. Northern blots showed that WSSV-miR-N24 was upregulated in hemocytes of WSSV-infected shrimp 48 h after injection of the WSSV-miR-N24 mimic compared with the control level (WSSV only) (Fig. 4B) . Meanwhile, real-time PCR was used to detect the amount of the caspase 8 transcript. It was found that the overexpression of WSSV-miR-N24 led to a significant decrease in the transcript level of the caspase 8 gene at 48 h postinfection (Fig. 4C) . However, the control miRNA mimic had little effect on the expression of the caspase 8 gene (Fig. 4C) . To inhibit the expression of WSSV-miR-N24, AMO-WSSV-miR-N24 was injected into WSSV-infected shrimp. It was revealed that AMO-WSSV-miR-N24 was not cytotoxic for shrimp (Fig. 4A) , and the results indicated that the expression of WSSV-miR-N24 was significantly knocked down in shrimp (Fig. 4B) . As a result, there was a significant upregulation of caspase 8 mRNA (Fig. 4C ). Western blots yielded results similar to those obtained by real-time PCR (Fig. 4D) . These findings reveal that the viral miRNA WSSV-miR-N24 interacts with the host caspase 8 mRNA in shrimp in vivo.
The apoptosis of shrimp hemocytes was evaluated under conditions where WSSV-miR-N24 was overexpressed or knocked down. The results of annexin V analysis showed that the overexpression of WSSV-miR-N24 led to a significant decrease of the percentage of apoptotic hemocytes from virus-infected shrimp at 48 h postinfection (Fig. 4E) , indicating that WSSV-miR-N24 repressed host apoptosis at an early stage. In contrast, silencing of WSSV-miR-N24 expression resulted in an increase (about 2-fold) of the percentage of annexin V-positive hemocytes in comparison to that for the control with WSSV only (Fig. 4E) . The detection of late-stage apoptosis of shrimp hemocytes by TUNEL yielded results similar to those of annexin V detection (Fig. 4F) . It was found that the caspase 3/7 activity of shrimp hemocytes was significantly decreased by treatment of the WSSV-infected shrimp with the WSSV-miR-N24 mimic 48 h after injection, whereas the inhibition of WSSV-miR-N24 expression promoted the apoptosis of shrimp hemocytes (Fig. 4G) . The above-described data indicate that WSSV-miR-N24 plays a negative role in the regulation of apoptosis of shrimp hemocytes in vivo.
To further examine the influence of host caspase 8 on apoptosis, the expression of the caspase 8 gene was silenced by sequence- specific siRNA, followed by evaluation of hemocyte apoptosis. The real-time PCR and Western blot results showed that caspase 8 mRNA and protein were not detected 48 h after the injection of caspase 8-siRNA, while the control siRNA (caspase 8-mutation-siRNA) had no effect on the expression of the caspase 8 gene (Fig. 4H) , indicating that the expression of the caspase 8 gene was knocked down by the sequence-specific siRNA. In this case, the apoptotic activity of shrimp hemocytes was determined. The data from apoptosis assays with annexin V, TUNEL, and caspase 3/7 activity analyses revealed that the silencing of caspase 8 expression led to statistically significant decreases of apoptosis activity compared with that of the controls (Fig. 4I ). The findings demonstrate that caspase 8 plays an essential role in apoptosis in vivo.
Taken together, these findings show that WSSV-miR-N24 mediates the regulation of in vivo apoptosis by targeting host caspase 8 mRNA.
Role of viral miRNA in virus-host interaction. To assess the effects of WSSV-miR-N24 on WSSV replication, WSSV-miR-N24 in WSSV-infected shrimp was silenced by use of AMO-WSSVmiR-N24. The results showed that at 48 and 72 h postinfection, the number of WSSV copies in hemocytes of AMO-WSSV-miR-N24-treated shrimp was significantly decreased compared with that for the control with WSSV only, whereas the control inhibitor (AMO-control) had no effect on WSSV replication (Fig. 5A) . On the other hand, injection of the synthesized WSSV-miR-N24 mimic into WSSV-infected shrimp led to a statistically significant , and 48 h after infection with WSSV, the lymphoid organs (L), gills (G), and hemocytes (H) of shrimp were collected and subjected to Northern blotting. At the same time, the collected samples were used for primary miRNA detection and WSSV detection by PCR, followed by agarose gel electrophoresis. The probes for Northern blotting are shown on the left, and the RNA sizes are indicated on the right. U6 was used as a loading control.
increase in the number of WSSV copies in hemocytes at 72 h postinfection compared with that for WSSV only, while the control miRNA mimic had a negligible effect on WSSV infection (Fig. 5A) . These results indicate that WSSV-miR-N24 plays important roles in WSSV infection.
It was revealed that the knockdown of caspase 8 gene expression resulted in a significant increase in the number of WSSV copies in hemocytes of virus-infected shrimp at 48 and 72 h postinfection compared with that for WSSV only (P Ͻ 0.01) (Fig.  5A) . The control siRNA, however, had a negligible effect on virus infection (Fig. 5A) . The findings indicate that WSSV-miR-N24 is involved in the virus-host interaction.
Based on the results described above, a model for the role of WSSV-miR-N24 in the virus-host interaction was proposed (Fig.  5B ). In this model, WSSV-miR-N24 plays a key role in the regulation of in vivo apoptosis by targeting the host caspase 8 gene, which further leads to its involvement in the virus-host interaction.
DISCUSSION
Recently, it was revealed that hosts can use virus-derived siRNA or cellular miRNA to restrict viral propagation (18, (21) (22) (23) (24) . In turn, a number of viruses, in particular DNA viruses, seem to have evolved mechanisms to express their own miRNAs and employ miRNA-mediated regulations to counter host antiviral responses (25) (26) (27) . Thus far, many viral miRNAs have been found to target the mRNAs of host or virus genes and to trigger the corresponding signaling pathways (25) (26) (27) . To date, there have been some reports documenting the inhibition of host targets by viral miRNA species (25) (26) (27) . However, many studies were completed in cultured cell lines, which may not be good models for characterizations of viral miRNAs in virus-host interactions. The in vitro events in cell lines may not be the same as molecular events in vivo. In the present study, viral miRNAs were investigated in vivo during virus infection. The results revealed that a total of 89 putative WSSV miRNAs were involved in virus-host interactions. Among them, the viral miRNA WSSV-miR-N24 could regulate host antiviral apoptosis by targeting the host caspase 8 gene. The results showed that WSSV-miR-N24 was employed by WSSV to regulate the expression of host caspase 8 to facilitate viral replication by inhibiting the host antiviral immune response. To our knowledge, this is the first study of the in vivo molecular events of a viral miRNA in antiviral apoptosis. Our study highlights a novel aspect of a viral miRNA in the virus-host interactions in vivo.
In recent years, EBV miRNAs were documented to have differential expression in distinct cultured cell types, similar to what has been observed in many studies of cellular miRNAs. It was found that the BamHI A rightward transcript (BART) miRNAs encoded by EBV were highly expressed in latently infected epithelial cells rather than in B cells (28) . Some investigations revealed that 4 of 24 miRNAs expressed from the rhesus cytomegalovirus (RhCMV) genome were detected ex- 
FIG 4
In vivo apoptotic regulation of host hemocytes by viral miRNA. (A) Effects of the synthesized WSSV-miR-N24 mimic and AMO-WSSV-miR-N24 on apoptosis of shrimp hemocytes. Forty-eight hours after injection of the WSSV-miR-N24 mimic or AMO-WSSV-miR-N24, the apoptosis of shrimp hemocytes was assayed using annexin V analysis. Lane headings indicate the treatments. (B) Expression of WSSV-miR-N24 in shrimp. Either the synthesized WSSV-miR-N24 mimic or AMO-WSSV-miR-N24 was administered to WSSV-infected shrimp. The shrimp hemocytes were collected and subjected to Northern blotting with a WSSV-miR-N24-specific probe 48 h after injection. Shrimp U6 was used as a control. (C) Real-time PCR detection of caspase 8 mRNA in hemocytes of WSSV-infected shrimp treated with the synthesized WSSV-miR-N24 mimic or AMO-WSSV-miR-N24. The control miRNA and AMO-control construct were included in the experiments. Forty-eight hours after injection, the shrimp hemocytes were collected and subjected to real-time PCR detection for caspase 8 mRNA. Shrimp ␤-actin was used as a control. The statistically significant differences between treatments are indicated with asterisks (P Ͻ 0.05). (D) Effects of WSSV-miR-N24 on expression of host caspase 8 gene in Western blot. Western blotting was performed with AP-conjugated goat anti-mouse IgG, using shrimp hemocytes collected 48 h after injection. Shrimp ␤-actin was used as a control. The lane headings indicate the different treatments. The antibodies used are shown on the right. (E) Effects of WSSV-miR-N24 overexpression or silencing on early stage of apoptosis. WSSV-miR-N24 was overexpressed or knocked down in virus-infected shrimp. At 48 h postinfection, the apoptosis of shrimp hemocytes was assayed using annexin V analysis. Lane headings indicated the treatments. The statistically significant differences between treatments are indicated with asterisks (P Ͻ 0.05). (F) Influence of WSSV-miR-N24 overexpression or silencing on late stage of apoptosis. The expression of WSSV-miR-N24 was inhibited or overexpressed in WSSV-infected shrimp. At 48 h postinfection, the apoptosis of shrimp hemocytes was evaluated with TUNEL assays. Lane headings indicate the treatments. The statistically significant differences between treatments are indicated with asterisks (P Ͻ 0.05). (G) Detection of caspase 3/7 activities in hemocytes of virus-infected shrimp at 48 h postinfection. Data are the means for three independent experiments. The statistically significant differences between treatments are indicated with asterisks (P Ͻ 0.05). (H) Silencing of caspase 8 expression in shrimp in vivo. Shrimp were injected with WSSV and caspase 8-siRNA or with WSSV and caspase 8-mutation-siRNA. At 48 h postinfection, the shrimp hemocytes were collected and subjected to real-time PCR (left) and Western blotting (right). Shrimp ␤-actin was used as a control. (I) Evaluations of apoptosis of shrimp hemocytes. In the case of the silencing of caspase 8 expression, the apoptosis of hemocytes was assayed by annexin V (left), TUNEL (middle), and caspase-3/7 activity (right) detection. Data are the means for three independent experiments. *, P Ͻ 0.05. clusively in infected fibroblasts, while 2 were specific for infected salivary glands (29, 30) . The differential expression of viral miRNAs in different cell lines indicates that their targets may be different among cultured cells. Our study presented in vivo data showing that the expression profiles of viral miRNAs are tissue specific. Among 89 putative WSSV-encoded miRNAs, the findings showed that WSSV-miR-N30 and WSSVmiR-144 were uniquely detected in the lymphoid organs but not the hemocytes and gills of WSSV-infected shrimp. At the same time, 8 WSSV miRNAs were preferentially expressed in hemocytes, and 11 viral miRNAs were uniquely detected in gills of WSSV-infected shrimp. To date, the differential expression of viral miRNAs in various tissues in vivo remains unknown. Therefore, our study provided a clue to reveal the in vivo molecular events mediated by viral miRNAs in virus-host interactions. Due to the specificity of viral miRNA expression in different tissues, it could be inferred that the regulatory strategies and mechanisms mediated by viral miRNAs are tissue specific during virus infection. This issue merits further investigation.
It is believed that viral miRNAs play very important roles in the virus life cycle in vivo. Our previous study documented the existence of 40 WSSV miRNAs, all of which are expressed in hemocytes of virus-infected shrimp at the early stage of virus infection (15) . This study extended the earlier data by documenting that WSSV, with its 305-kb double-stranded circular DNA genome, encodes at least 89 viral miRNAs. The ratio of viral miRNAs to the WSSV genome is about 800 times higher than that of human miRNAs to the human genome. One possibility raised by this high content of viral miRNAs is that viral miRNAs might greatly contribute to viral viability in response to selective pressures in the host environment. Thus, it appears that the use of viral miRNAs is an ideal and effective strategy for WSSV infection, with the tight space in the virus genome, to control distinct genes of shrimp and WSSV itself to establish a favorable environment during virus replication or to prevent infected cells and individuals from mounting antiviral immune responses. 
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